properties of uranium-bismuth alloys were determined by measuring the vapor pressure of bismuth in equilibrium with the condensed phase. Classical methods based on the rate of sublimation, rate of evaporation or rate of effusion could not be used since each method requires an accurate knowledge of the molecular weight of the vapor. The molecular weight of bismuth is not accurately known, but the presence of Bi and Bi, species has been established. An optical absorption technique was used to determine the concentration of each species independently.
INTRODUCTION
The fugacity of a constituent in a liquid or solid mixture may be determined by measuring the fugacity of that constituent in the vapor in equilibrium with the condensed phase. The activity of the constituent in an alloy, ai, is the ratio of the fugacity in that state, f,, to the fugacity of a standard state, fiO, n, = ~~/~i** Under the conditions of high temperature and low tota, pressure, pressure is very nearly equal to fugacity.
Hence :
Note that it is not essential that absolute pressures be It is not possible to use the rate of sublimation, rate of evaporation and rate of effusion techniques unless a complete knowledge of the vapor pressure species of bismuth is known. The use of a e.m.f. cell for measurement of thermodynamic activities in the uraniumbismuth system at high temperature is also prohibited from a container standpoint.
When the molecular weight of the vapor is not known accurately, an optical absorption technique can be used to determine the concentration of each species independently. Briefly, this method consists of measuring concentrations in a vapor by the quantity of light absorbed at certain characteristics frequencies by the species in the vapor. This method has been used to measure thermodynamic activity in some monatomic vapors. Hirst and Olsen(l) measured the vapor pressureof mercuryabove amalgams. Herbenar et uZ. (~) have applied the method to measure relative vapor pressures of zinc over copper-zinc alloys. The optical absorption technique is even more powerful in determining vapor pressure in systems in which the volatile constituent has more than one molecular form in the vapor. This technique has been used in this study for measurement of thermodynamic activity in the uranium-bismuth system.
THEORY OF ABSORPTION MEASUREMENTS
Atoms and molecules are able to radiate or absorb light of definite frequencies which are determined by the characteristic energy states of the constituent. In order to perform measurements of the vapor pressure of bismuth, it is necessary that the two species of bismuth vapor be distinguishable. This can be done by selecting proper energy transitions in the absorption spectrum of bismuth.
Monatomic bismuth is detected by observing the absorption of radiation at a discrete wavelength by ground-state electrons in the free atom. The radiation absorbed from the collimated beam at 3067 A raises the electron from the 6-p level to 7-s level. The duration of the energy transition is estimated to be of the order 1O-7-1O-s sec. When the electron returns to the ground state it emits its resonance radiation in a random direction. The 3067-line transition for atomic bismuth was used for a measure of the number of bismuth atoms in the vapor. Since this energy transition is one from the ground state to a higher energy it will give a measure of the bismuth monatomic vapor pressure. The amount of bismuth atomic pressure will be related to the diminution of intensity at the wavelength 3067 A.
Diatomic bismuth exhibits a complex band system composed of individual electronic bands, each accompanied by its own vibrational and rotational lines. In the same manner as for the atomic constituent, the diatomic population is measured by observing the absorption of energy at a discrete wavelength. For diatomic bismuth the electronic band head at 2731 A has been used to represent a molecular energy transition from the ground state to an excited state,
The amount of radiation absorbed at frequencies However, the intensity of the source is greater in the 273 1 and 3067 A is dependent on the thickness of vapor vicinity of the mercury emission lines. The lamp space and the concentration of the bismuth vapor. yields sufficient radiation at wavelengths, 3067 and This correlation can be expressed by the Beer-Lambert 2731 8, to provide the necessary energy source for law : bismuth vapor excitation.
In 4 = -px 10 where I, = intensity of incoming radiation of a certain frequency I, = intensity out of the cell, p = extinction coeflicient, x = length of the optical path through the cell and e = concentration of specie in vapor.
Since c = N/V and the gas is ideal, c = p/RT and Thus, a measure of the logarithmic intensity decrease at any given temperature yields the pressure multiplied by a constant. This constant, ,ux/R, is a function of the variables of the equipment and the vapor species.
Representative absorption line transitions and band absorption transitions for bismuth vapors at four temperatures are shown in Fig. 1 . The bismuth resonance line at 3067 A is shown at the left, and the band head at 2731 A at the right. The transitions were recorded by transversing from right to left (increasing wavelength). It is to be noted that the absorption line transition is not perfectly monochromatic, but has some broadening due to the limited resolution of the spectrograph, natural line broadening due to the finite life-time of the excited state, and the Doppler-effect broadening due to the motion of the atoms. However, a constant ratio of peak height to line width was observed over the temperature range employed. Over the same temperature range the band structure was also observed to remain constant.
APPARATUS
A schematic diagram of the apparatus used is shown in Fig. 2 . The light source used to supply a continuum in the desired frequency range was a high pressure mercury lamp manufactured by General Electric, H85-C3. The lamp was contained in a water-cooled jacket and the power input to the lamp was stabilized by a voltage regulator. The intensity of light output from the lamp can be controlled to no more than 1 per cent fluctuation in intensity output. The lamp emits an approximately continuous intensity over the wavelength region from 2600 to approximately 4000 A.
The cell used for bismuth vapor measurement and measurements of bismuth vapor pressure over uranium-bismuth alloys is shown in Fig. 3 . The cell was made entirely of quartz with optically-flat, polished windows. Quartz cells were procured with varying windowspace distance from the Euclid Glass Engineering Laboratory, Cleveland, Ohio. The spaces employed were from 1 to 50 mm.
The furnace used to heat the quartz cell is a splitwound resistance type furnace. The furnace has two main windings which heat the general surface area of the furnace. Two end windings, separately controlled, are also employed to offset the effect of end-cooling. By means of regulating the power input to the various windings, it was possible to control the temperature in the immediate vicinity of the cell to + 1°C. The necessary isothermal volume in the furnace is a cylinder 2 in. in diameter and 4 in. in length. A boat containing the bismuth or uranium-bismuth alloy and the windows were located in the center of this isothermal range. Temperatures were measured in four different positions along the cylinder by means of calibrated chromel-alumel thermocouples. The thermocouples were placed in the immediate vicinity of the cell.
Since it is necessary to have a parallel beam of light going through the absorption cell, a lens system must be used to condense the divergent rays from the mercury light source. A plano-convex lens was placed at its focal distance from the mercury lamp source in order to give a parallel beam of light through the absorption cell After passage through the cell the light was condensed by means of another planoconvex lens before it reached the spectrograph. This was necessary beoause the mercury lamp source was not a point source a,nd hence some divergence was still present. This did not affect the measurements, however, since the path length through the cell was less than Fi cm. In this length the beam of light was essentially parallel.
The absorbed radiation was analysed by means of a Leeds and Northrup spectroohemical analyser. The unit contains a small plane grating monochromator. The spectrometer is 30 in. long and uses a 3-in. wide grating with 30,000 lines per inch. Spectra have been obtained which demonstrate a second-order resolution of 0.05 A in the visible and ultraviolet region.
Before the radiation from the mercury lamp which has passed through the cell reaches the diffraction The signals from the two phototubes are put into a dual-channel amplifier. The power input to the phototubes can be adjusted so that at any particular reading the intensity of the two signals in the amplifier can be balanced. The output from the dual-channel amplifier is recorded on a ratio recorder. The ratio recorder will read the intensity of phototube I, or the intensity of phototube 1,. It will also read the ratio of I.JI, directly. Hence the recording system will give a trace of the intensity ratio 1,/r, as a function of wavelength.
By splitting up the radiation before it enters the monochrometer, a reproducible intensity is assured for measurements from day to day. The instrument is set.
to scan in a particular wavelength region at a speed of 2.9 @min. where #&, = (T log X,/i,),.
The value obtained was 72.0 Cal/g. The accepted value is 72.6 Cal/g in this temperature range.
In the measurement of the activity of bismuth in the liquid, either species can be used, although the Bi, provides a more sensitive measure since it is a measure of the square of the bismuth activity in the liquid. This is demonstrated by the following equations:
Measurements were made on the Pb-Bi system to check out the experimental apparatus and theory.
Activities were calculated from relative meas~ements of the Bi, species for two alloys in the temperature range of 1018-1143 "K. The activities in this system have also been measured using the e.m.f. method.
There was very good agreement between the two methods.
ANALYSIS OF EXPERIMENTAL PROCEDURE
With the apparatus in proper alignment, measure- possible to see the vapor pressure diminution of bismuth as the composition of the uranium-bismuth solid changed from one phase-region to the next.
Activity measurements
As discussed earlier, the thermodynamic activity can be calculated from measurement of either species of bismuth vapor. The Bi, measurement provides a more sensitive measure since a ratio of the bismuth vapor pressure above an alloy to that of pure bismuth is a measure of the square of the activity ratio in the two states.
Activities were determined by measurement of only the Bi, species in the composition ranges: liquid, liquid + UBi,, and UBi, + UsBi,.
In the two remaining solid composition ranges not enough Bi, vapor was present to get an accurate measurement of thermodynamic activity. Hence, it was necessary to measure the thermodynamic activity by observing changes in the Bi vapor species.
Since the absorption of the light is a function of the number density and the cell length, the method for 
RESULTS
The thermodynamic activity of bismuth was meas- In order to obtain measurable quantities in the regions UBi + U and UBi + UsBi, it was necessary to work at temperatures from 800 to 1000°C. The results of all the measurements are summarized in Table 1 . The thermodynamic activity of bismuth is given as a function of composition at five different temperatures: 1018, 1041, 1064, 1089 and 1115°K.
The activity of bismuth in the liquid region shows a significant negative deviation from Raoult's law. The deviation becomes more negative at lower temperatures. From a graphical correlation of the activity of bismuth in the liquid phase as a function of composition, the solubility of uranium in bismuth at a particular temperature can be estimated : a knowledge of the thermodynamic activity of bismuth in the uranium-bismuth system, the activity of uranium for the entire system can be determined byan integration of the Gibbs-D~emequation. In the liquid composition range the uranium activities were determined by integrating the Gibbs-Duhem equation with a modified alpha-function.(s) A con-.~. __ I o*
In the temperature range employed, the partial molar entropy of bismuth and uranium was found to be constant. from the calculation of the partial molar entropy of bismuth, the partial molar entropy of uranium can be determined by a graphical construction as nerformed for the nartial molar free enerev five temperatures reported. The integration was performed from the solubility limit of uranium in bismuth to the composition of pure bismuth, The integration was carried out in detail for five different temperatures. The liquid ~anium-bismuth compositions were found not to obey regular solution behavior. The uranium activities in the two-phase region (constant activity) were determined by a graphical integration of the partial molar free energies of bismuth in the respective two-phase regions. Fig. 6 shows the construction lines for determining the partial molar free energy of uranium. The mathematical equations for this construction are given in Ref. (4).
The activities calculated for uranium are summarized in Table 2 and the partial molar free energies are listed in Table 3 .
From a knowledge of the partial molar free energy of uranium and bismuth, the partial molar entropy of each constituent can be calculated. The partial molar entropy of any constituent is given by the follo~ng equation : ( Fig. 7) . The standard states are taken as bismuth (liquid) at that temperature and uranium (solid) at that temperature in its particular crystal modification.
From the definition ARi = AFi + TAR,, the partial molar enthalpy of both constituents can be calculated from a summation of APi and TARi. The results are show-n graphically in Fig. 8 . From the construction diagrams for the partial molar quantities, the integral molar quantities for the solutions can be determined.
The results are given in Table 4 .
As indicated previously for the partial molar entropy quantities, the integral molar entropy is constant over the measured temperature range. The integral molar enthalpy was also found to be constant in the temperature range employed.
An attempt was made to correlate the regular solution parameter for dilute solutions of uranium in bismuth as a function of temperature. A correlation is shown graphically in Fig. 9 . Since the correlation is not linear, it may be concluded that the Hildebrand regular solution criterion does not hold for dilute solutions of uranium in bismuth. The Henry's law parameters, yu", are valid in the very dilute regions only. The parameter is not valid for uranium concentrations greater than 2 mole %.
DISCUSSION
A summary is made in As was pointed out earlier, in making up alloys in the uranium-rich region of the diagram, weighed compositions of uranium spirals and bismuth metal were placed in the cell, heated to 925°C and allowed to equilibrate. In the course of diffusion, the transformations across the phase diagram to the desired alloy were observed in definite steps in the bismuth vapor pressure. In no case was there a measured pressure found corresponding to or indicating the presence of a UaBi, compound.
